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The  potential  application  of  Bao.5Sro.5Coo.8Feo.203_5  (BSCF)  as  a  cathode  for  a  proton-conducting  solid- 
oxide  fuel  cell  based  on  BaCeo.9Yo.1O2.95  (BCY)  electrolyte  was  investigated.  Cation  diffusion  from  BCY 
to  BSCF  with  the  formation  of  a  perovskite-type  Ba2+-enriched  BSCF  and  a  Ba2+-deficient  BCY  at  a  firing 
temperature  as  low  as  900  °C  was  observed,  the  higher  the  firing  temperature  the  larger  deviation  of  the 
A  to  B  ratio  from  unit  for  the  perovskites.  Symmetric  cell  tests  demonstrated  the  impurity  phases  did 
not  induce  a  significant  change  of  the  cathodic  polarization  resistance,  however,  the  ohmic  resistance 
of  the  cell  increased  obviously.  Anode-supported  cells  with  the  electrolyte  thickness  of  -50  pim  were 
successfully  fabricated  via  a  dual-dry  pressing  process  for  the  single-cell  test.  Under  optimized  conditions, 
a  maximum  peak  power  density  of  -550  and  100  mW cm-2  was  achieved  at  700  and  400  °C,  respectively, 
for  the  cell  with  the  BSCF  cathode  layer  fired  from  950  °C.  At  500  °C,  the  ohmic  resistance  is  still  the  main 
source  of  cell  resistance.  A  further  reduction  in  membrane  thickness  would  envisage  an  increase  in  power 
density  significantly. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid-oxide  fuel  cells  (SOFCs)  are  a  promising  clean  power 
source  characterized  by  high  energy  conversion  efficiency,  all  solid 
cell  components,  high  power  density,  low  environmental  impact 
and  excellent  fuel  flexibility.  Nowadays,  there  is  increasing  interest 
in  SOFCs  both  for  residential  and  stationary  applications.  Lower¬ 
ing  the  operating  temperature  of  SOFCs  from  -1000  to  400-800  °C 
can  significantly  improve  materials’  compatibility,  reduce  capital 
costs  both  for  materials  and  operation,  and  prolong  the  operational 
lifetime.  Typical  SOFCs  are  based  on  oxygen-ion-conducting  elec¬ 
trolyte  (SOFC-O2-)  [1-3].  Recently,  the  proton-conducting  SOFCs 
have  also  received  considerable  attention  (SOFC-H+)  for  reduced- 
temperature  application  [4-23].  Selected  protonic  conductors 
show  even  higher  ionic  conductivity  than  stabilized  zirconia  and 
doped  ceria  at  <600  °C  [20,24].  Furthermore,  SOFC-H+  have  higher 
theoretical  electromotive  force  (EMF)  and  electrical  efficiency  than 
SOFC-O2-  [25]. 

Although  several  oxides  with  high  protonic  conductivity  at 
reduced  temperature  have  been  developed,  the  progress  of  SOFC- 
H+  is  much  retarded  as  compared  to  SOFC-O2-.  Table  1  is  a  summary 
of  the  recent  advances  in  the  SOFC  performance  based  on  proton¬ 
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conducting  electrolyte  in  literature.  Nowadays,  peak  power  density 
of  >1.0  W cm-2  at  intermediate  temperatures  of  600-800  °C  is 
frequently  reported  in  literature  for  SOFC-O2-  with  thin-film  elec¬ 
trolytes  [26-30],  while  the  power  density  of  SOFC-FT  seldom 
exceeds  500mWcm-2  [4-23]. 

In  order  to  achieve  high  power  density  of  SOFC-FT  at  reduced 
temperatures,  besides  the  development  of  new  electrolyte  material 
with  high  protonic  conductivity,  the  reduction  of  electrolyte  thick¬ 
ness,  the  development  of  cathode  with  low  over-potential  is  also  of 
great  importance.  As  compared  to  the  great  efforts  in  searching  for 
new  protonic  oxides,  the  research  on  cathode  for  SOFC-FT  is  much 
less  up  to  now.  Uchida  et  al.  have  demonstrated  that  the  cathodic 
overpotential  of  Pt  in  SOFC-FT  could  not  be  neglected  below  800  °C 
[31].  Several  authors  have  also  exploited  conducting  oxides  such 
as  Lai_xSrxM03_5  (M  =  Co,  Fe,  Mn)  as  the  cathode  materials  for 
SOFC-FT  [32]. 

Bao.5Sr0.5Coo.8Feo.203_(5  (BSCF)  is  a  mixed  conductor  with  ultra- 
high  oxygen  ionic  conductivity,  which  has  demonstrated  to  be  a 
high-performance  cathode  for  SOFC  based  on  oxygen-ion  conduct¬ 
ing  electrolyte  [26,27,33-36].  In  this  study  the  application  of  BSCF  as 
a  cathode  for  proton-conducting  BaCeo.9Yo.1O2.95  (BCY)  electrolyte 
fuel  cell  was  reported.  The  fuel  cell  performance  was  found  to  be 
closely  related  with  the  phase  reaction  between  the  cathode  and 
the  electrolyte  layers.  By  optimizing  the  firing  temperature,  the  fuel 
cells  demonstrated  high  power  density  of  >500mWcm2  at  700  °C 
and  high  OCV  of  -1.06  V  at  500  °C. 
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Table  1 

A  summary  of  laboratory  fuel  cells  based  on  proton-conducting  electrolytes  and  their  reported  maximum  power  outputs  (the  precise  stoichiometry  of  the  compounds  are 
not  given) 


2.  Experimental 

2.1.  Synthesis  of  oxide  power 

Both  BCY  and  BSCF  powders  were  synthesized  by  a  combined 
EDTA-citrate  complexing  sol-gel  process  [37,38].  The  synthesis  of 
BCY,  as  an  example,  is  described  as  follows.  Required  amounts 
of  analytic  reagents  of  Ba(N03)2,  Ce(N03)3,  and  Y(N03)2,  accord¬ 
ing  to  the  cation  stoichiometry  of  the  composite  oxide  BCY,  were 
prepared  into  a  mixed  solution  under  stirring.  EDTA  and  cit¬ 
ric  acid  were  added  to  the  solution  at  the  mole  ratio  of  total 
metal  ions:EDTA:citric  acid  of  1:1:2.  NEI4OEI  was  applied  to  adjust 
the  pH  value  of  the  solution  to  be  around  6  during  the  water 
evaporation.  Under  stirring  and  heating,  a  clear  viscous  gel  was 
obtained,  which  was  solidified  by  pre-heating  at  250  °C  for  sev¬ 
eral  hours  and  finally  calcined  at  900-1100  °C  for  5h  to  obtain  a 
pure-phase  composite  oxide  with  the  nominated  composition  of 
BCY. 

2.2.  Cell  fabrication 

Symmetrical  cells  with  the  configuration  of  electrode  |BCY| 
electrode  were  used  for  the  impedance  studies.  Dense  BCY  pellets 
of  12  mm  in  diameter  and  0.55  mm  in  thickness  were  pre¬ 
pared  by  die  pressing  and  sintered  in  air  at  1400  °C  for  5h. 
To  prepare  the  electrode,  the  BSCF  oxide  powder  was  first  pre¬ 
pared  into  a  colloidal  suspension  by  dispersing  it  into  a  mixed 
solution  of  glycerol,  ethylene  glycol  and  isopropyl  alcohol  by 
high-energy  ball  milling  (Fritsch  Pulverisettle  6)  at  the  rotation 
rate  of  400  rpm  for  0.5  h.  It  was  then  spray-deposited  symmetri¬ 
cally  on  both  surfaces  of  the  BCY  pellets,  followed  by  calcined  at 
950-1100  °C  for  2  h  in  air.  Silver  paste  was  adopted  as  the  current 
collectors. 

Anode-supported  cells  with  BCY  electrolyte  were  prepared 
using  a  co-pressing  technique.  Anode  powders  were  prepared  by 
well  mixing  of  NiO  and  BCY  in  weight  ratio  of  60  to  40  by  a  high- 
energy  ball  miller.  To  fabricate  the  single  cell,  the  NiO  +  BCY  powder 
was  first  pressed  as  a  substrate,  onto  which  the  fine  BCY  powder 
was  added  and  pressed  again  to  form  a  bi-layer  pellet.  The  elec¬ 
trolyte  thickness  was  controlled  by  the  amount  of  BCY  applied 
during  the  fabrication.  A  final  anode  thickness  of  0.56  mm  was 
adopted.  The  green  pellets  were  then  sintered  in  air  at  1400  °C 
for  5  h  for  the  densification  of  the  electrolyte  layer,  the  diameter 


of  the  anode-supported  cells  is  13  mm.  BSCF  slurry  was  spray- 
deposited  onto  the  central  surface  of  the  electrolyte  and  fired  at 
various  temperatures  between  900  and  1100  °C  in  air  for  2h;  the 
cathode  effect  area  is  ~0.26  cm-2  and  its  layer  thickness  is  around 
20  (Jim. 

2.3.  Electrochemical  impedance  test 

The  electrode  performance  was  investigated  with  the  symmet¬ 
rical  or  complete  cell  configuration  by  the  ac  impedance  method 
using  an  electrochemical  workstation  based  on  a  Solartron  1260A 
frequency  response  analyzer  in  combination  with  a  Solartron  1287 
potentiostat.  The  frequency  applied  was  ranged  from  0.01  Hz  to 
1000  kHz  with  a  signal  amplitude  of  30  mV  under  open  cell  voltage 
(OCV). 

2.4.  Single-cell  test 

The  fuel  cell  reactor  was  put  into  a  vertical  split  tube  furnace, 
a  thermocouple  was  inserted  near  the  cathode  surface  both  for 
the  temperature  controlling  and  monitoring.  Three  percent  H20 
humidified  H2  at  a  flow  rate  of  80  ml  min-1  [STP:  standard  temper¬ 
ature  and  pressure]  was  fed  into  the  anode  chamber  as  fuel  while 
ambient  air  was  applied  as  the  cathode  atmosphere.  I-V  polariza¬ 
tion  curves  were  collected  using  a  Keithley  2420  source  meter  based 
on  the  four-probe  configuration. 

2.5.  Other  characterization 

The  phase  structure  of  the  oxides  was  examined  by  X- 
ray  diffractometer  (XRD,  Bruker  D8  Advance).  The  microscopic 
features  of  the  prepared  electrodes  or  single  cell  were  charac¬ 
terized  using  an  environmental  scanning  electron  microscope 
(ESEM,  QUANTA-2000).  The  powders  were  also  conducted  oxy¬ 
gen  temperature-programmed  desorption  (02-TPD)  experiment. 
About  150  mg  of  sample  was  loaded  in  a  quartz  tube,  which 
was  then  placed  in  a  single-zone  furnace  equipped  with  a  tem¬ 
perature  controller.  Argon  was  used  as  the  carrier  gas  with  a 
flow  rate  of  20  ml  min-1  [STP].  The  temperature  was  increased 
from  50  to  950  °C  at  the  rate  of  10°Cmin-1  and  the  effluent 
gases  were  monitored  by  the  mass  spectrometer  (MS,  Hiden, 
QIC-20). 
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Fig.  1.  X-ray  diffraction  patterns  of:  (A)  pure  BCY,  (B)  BSCF,  (C)  fresh  mechanically 
mixed  BSCF  +  BCY  composite,  (D-G)  sample  C  further  calcined/fired  at  900,  950, 
1000, 1050  and  1100  °C  in  air  for  2  h,  respectively. 


3.  Results  and  discussion 

3.1.  Phase  reaction  between  BSCF  and  BCY 

Interfacial  phase  reaction  between  fuel-cell  components  dur¬ 
ing  the  fuel-cell  fabrication  sometimes  may  become  a  practical 
problem.  For  example,  it  was  found  that  the  reaction  between 
La0.8Sr0.2MnO3_(5  (cathode)  and  yttria-doped  zirconia  (electrolyte) 
was  happened  when  the  firing  temperature  for  attaching  the  cath¬ 
ode  layer  to  the  electrolyte  surface  is  1100  °C  or  higher  [39].  It  led 
to  the  formation  of  non-conductive  phases  of  La2Zr207  and  SrZr03 
at  the  cathode-electrolyte  interface,  which  significantly  increased 
the  interfacial  polarization  resistance  of  the  cell  and  substantially 
deteriorated  the  fuel  cell  performance.  BSCF  is  an  active  material, 
which  has  turned  out  to  be  reactive  with  samaria-doped  ceria  elec¬ 
trolyte  at  high  temperatures  [40].  To  get  the  information  about  the 
possible  phase  formation  at  the  cathode-electrolyte  interface  dur¬ 
ing  the  high-temperature  firing,  the  solid-state  reaction  between 
BSCF  and  BCY  was  investigated  by  mixed  powders.  These  two  sam¬ 
ples  in  powder  state  were  mixed  thoroughly  at  1 : 1  weight  ratio  by 
high-energy  ball  milling  for  half  hour  and  then  calcined  at  various 
temperatures  between  900  and  1100  °C  for  2  h  in  air.  The  resulted 
products  were  then  submitted  to  phase  composition  examination. 
Fig.  1A  shows  the  room-temperature  X-ray  diffraction  patterns 
of  BSCF,  BCY  and  the  BSCF  +  BCY  mixture  after  the  calcinations 
at  various  temperatures.  No  other  phase  appeared  even  after  the 
calcination  at  1100  °C  for  2h.  A  more  detailed  observation  of  the 


diffraction  patterns  reveals  that  the  diffraction  peak  of  BSCF  at  mir¬ 
ror  index  of  (1 1  0)  shifted  steadily  to  the  lower  20  direction  with 
the  increase  of  calcination  temperature,  while  the  diffraction  peak 
of  BCY  perovskite  at  mirror  index  of  (2  1 1)  kept  almost  unmoved 
(Fig.  IB).  Above  phenomena  strongly  suggested  that  certain  type 
of  phase  reaction  between  BSCF  and  BCY  was  actually  happened 
during  the  high-temperature  calcination,  with  the  newly  formed 
phases  taking  the  same  phase  structure  and  similar  lattice  param¬ 
eters  to  that  of  the  reactants. 

In  a  recent  study,  Tolchard  and  Grande  reported  the  physio- 
chemical  compatibility  of  SrCe03  with  LaM03  (M  =  Mn,  Fe,  Co) 
oxides,  and  they  observed  that  the  diffusion  of  Sr2+  in  ceria  is  sur¬ 
prisingly  fast  with  the  primary  reaction  being  the  dissolution  of  SrO 
from  SrCe03  into  the  LaM03,  and  corresponding  formation  of  La- 
doped  Ce02  [41  ].  Similar  phase  reaction  by  cation  exchange  is  likely 
happened  between  BSCF  and  BCY  in  our  case.  Four  possibilities  are 
available,  (1)  the  exchange  of  Sr2+  in  BSCF  with  Ba2+  in  BCY  with 
the  formation  of  Ba2+-enriched  BSCF  and  Sr2+-substituted  BCY;  (2) 
the  exchange  of  B-site  cation;  (3)  the  diffusion  of  Ba2+  and  Sr2+ 
from  BSCF  to  BCY  with  the  formation  of  A-site  cation-deficient  BSCF 
and  Ba2+-enriched  BCY;  and  (4)  the  diffusion  of  Ba2+  from  BCY  to 
BSCF  with  the  formation  of  A-site  cation-enriched  BSCF  perovskite 
and  Ba2+-deficient  BCY.  Because  Ba2+  (12-coordinated  with  oxygen, 
1.61  A)  has  larger  ionic  size  than  Sr2+  at  the  A-site  (12-coordinated 
with  oxygen,  1.44  A)  of  perovskite,  the  cation  exchange  between 
Ba2+  in  BCY  with  Sr2+  in  BSCF  would  result  in  the  lattice  expansion 
of  BSCF  and  the  lattice  shrinkage  of  BCY  [42].  Since  the  lattice  con¬ 
stant  of  BCY  actually  kept  almost  unchanged  with  respect  to  the 
firing  temperature,  the  route  (1 )  turns  out  to  be  unlikely,  the  route 
(2)  is  also  less  possible  since  the  large  difference  in  ionic  radius 
between  Ce4+/Y3+  with  Co3+/Fe3+  in  the  B-site  of  perovskite.  In  our 
former  studies  [43,44],  we  have  demonstrated  that  BSCF  can  still 
sustain  its  perovskite  lattice  structure  over  a  large  deviation  of  its 
A/B  cation  ratio  from  unit  (0.83  <  A/B  <  1.15)  while  the  lattice  param¬ 
eter  increased  and  decreased,  respectively,  for  the  A-site  cation 
enrichment  and  deficiency.  On  the  other  hand,  Ma  and  Iwahara 
et  al.  have  demonstrated  that  BCY  can  also  tolerate  a  large  devia¬ 
tion  of  its  A/B  ratio  away  from  unit  (0.9  <  A/B  <  1.2)  [45],  however  its 
lattice  constant  kept  almost  unchanged  no  matter  of  either  A-site 
cation  deficiency  or  enrichment.  Based  on  the  results  of  Fig.  1,  it  is 
likely  that  the  Ba2+  in  BCY  diffused  to  BSCF  and  resulted  in  the  for¬ 
mation  of  Ba2+-deficient  BCY  and  A-site  Ba2+-enriched  BSCF  during 
the  high  temperature  firing  of  BSCF  +  BCY  mixture. 

In  a  previous  paper,  we  have  demonstrated  that  02-TPD  is  an 
efficient  and  sensitive  technique  to  characterize  the  local  struc¬ 
tural  variation  in  BSCF  [43].  Fig.  2  shows  the  02-TPD  curves  of  BCY, 


Fig.  2.  O2-TPD  curves  of  BCY,  BSCF  and  BSCF  +  BCY  mixture  before  (20  °C)  and  after 
calcined  at  various  temperatures  (900-1100  °C)  in  air  for  2  h. 
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BSCF  and  BSCF  +  BCY  mixture  after  calcined  at  various  tempera¬ 
tures  in  air  for  2  h.  BCY  demonstrated  no  any  oxygen  desorption 
peak,  it  agrees  well  with  no  any  multivalent  metal  ion  available 
in  its  structure.  BSCF  demonstrated  a  big  desorption  peak  at  the 
intermediate-temperature  range  of  300-600  °C  (a-peak)  and  a 
smaller  desorption  peak  at  700-900 °C  (p-peak),  ascribed  to  the 
reduction  of  Co4+/Fe4+  to  Co3+/Fe4+  and  Co3+  to  Co2+,  respectively 
[42].  It  was  observed  that  the  |3-peak  disappeared  after  the  high- 
temperature  firing.  Shao  and  coauthors  have  demonstrated  that  the 
cation  enrichment  at  the  A-site  of  BSCF  resulted  in  the  disappear¬ 
ance  of  high-temperature  oxygen  desorption  peak  [44],  while  the 
A-site  cation  deficiency  resulted  in  increased  intensity  of  the  p- 
peak  [43].  In  another  paper,  Shao  et  al.  have  demonstrated  that  the 
p-peak  could  not  be  eliminated  by  varying  the  Ba2+  to  Sr2+  ratio  in 
the  cation  stoichiometric  BSCF  [42].  It  then  strongly  supports  that 
the  reaction  between  BSCF  and  BCY  is  likely  towards  the  formation 
A-site  cation-enriched  BSCF  during  the  high-temperature  firing. 

3.2.  Effect  of  interfacial  reaction  on  the  electrochemical 
performance 

To  evaluate  the  interfacial  phase  reaction  between  BSCF  cath¬ 
ode  and  BCY  electrolyte  on  their  electrochemical  performance,  cells 
with  thick  BCY  electrolyte  and  symmetrical  BSCF  electrodes  were 
prepared.  In  order  to  create  different  degree  of  reaction  at  the  inter¬ 
face  between  BSCF  and  BCY,  various  firing  temperatures  to  fix  the 
electrode  layers  onto  the  electrolyte  surfaces  were  tried. 

Fig.  3  shows  the  Nyquist  plots  of  the  electrochemical  impedance 
spectra  (EIS)  of  the  various  cells  at  600  °C,  with  BSCF  calcined 
between  900  and  1100  °C  for  2h.  The  high-frequency  intercept 
of  the  impedance  spectrum  gives  the  ohmic  resistance  of  the 
cell  (ft0hm)>  which  includes  the  resistive  contributions  of  the  elec¬ 
trolyte,  the  two  electrodes,  the  current  collectors  and  the  lead 
wires,  and  also  the  interfacial  layer  of  the  reaction  products  (A- 
site  cation-enriched  BSCF  and  A-site  cation-deficient  BCY).  In  this 
study,  the  ohmic  resistance  of  the  two  electrodes,  the  current  collec¬ 
tors  and  the  lead  wires  was  reasonably  considered  to  be  negligible 
or  the  same  for  all  samples.  The  low-frequency  intercept  gives  the 
total  resistance  {R0hm+Rp)  of  the  cell,  which  includes  the  ohmic 
resistance  of  the  cell,  concentration  polarization  (mass-transfer  or 
gas-diffusion  polarization)  resistance,  and  the  polarization  resis¬ 
tance  associated  with  the  electrochemical  reactions  at  the  electrode 
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Fig.  4.  Effect  of  firing  temperature  on:  (A)  the  ohmic  resistance  (R0 hm)  of  BCY  elec¬ 
trolyte  (including  the  interfacial  layer);  (B)  the  area  specific  polarization  resistance 
(Rp)  of  BSCF  electrode  based  on  symmetric  cell  configuration. 


Fig.  3.  Nyquist  plots  of  the  electrochemical  impedance  spectra  (EIS)  of  the  various 
symmetrical  cells  at  600  °C,  with  BSCF  electrodes  calcined  between  900  and  1100  °C. 


surface.  As  shown  in  Fig.  3,  the  ohmic  resistance  of  the  cell  increased 
steadily  with  the  temperature  for  firing  the  cathode  layer  to  the 
electrolyte  surface,  while  the  polarization  resistance  did  not  change 
significantly. 

Fig.  4A  and  B  shows  the  temperature  dependence  of  Rohm  and 
Rp,  respectively.  The  ohmic  resistance  increased  steadily  with  the 
firing  temperature,  and  the  increment  in  Rohm  is  obvious  at  a 
firing  temperature  of  1050  °C  or  higher.  Ma  and  Iwahara  et  al. 
have  demonstrated  that  the  A-site  Ba2+-enriched  or  A-site  Ba2+- 
deficient  BCY  could  show  significant  lower  protonic  conductivity 
as  compared  to  the  cation  stoichiometric  BCY  [45].  Based  on  the 
phase-reaction  results  of  this  study,  the  increase  in  the  ohmic  resis¬ 
tance  with  the  firing  temperature  is  attributed  to  the  increase  of 
A-site  cation  deficiency  for  the  interfacial  phase  formed  between 
BSCF  and  BCY.  The  conductivity  of  the  electrolyte  calculated  based 
on  the  ohmic  resistance  in  Fig.  4A  is  around  0.01  Scm-1  at  600  °C 
for  the  cell  with  cathode  fired  at  900  °C,  which  is  comparable  to  the 
value  (0.009  S  cm-1 )  reported  by  Ma  and  Iwahara  et  al.  for  a  cation 
stoichiometric  BCY  [45].  It  suggests  that  the  impact  of  interfacial 
phase  formation  on  the  conductivity  of  thick  BCY  is  not  serious  at 
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a  firing  temperature  of  900  °C.  In  order  to  improve  the  cell  per¬ 
formance,  a  decrease  of  the  firing  temperature  for  attaching  the 
cathode  layer  to  the  electrolyte  surface  is  then  crucial.  As  com¬ 
pared  to  the  ohmic  resistance,  the  electrode  polarization  resistance 
was  much  less  influenced  by  the  firing  temperature.  The  cells  fired 
from  900  to  1000  °C  show  the  lowest  and  highest  area  specific 
polarization  resistances,  respectively,  at  the  operation  temperature 
of  750  °C,  while  the  1050  °C  calcined  one  shows  the  lowest  and 
the  950  °C  calcined  one  shows  the  highest  at  an  operation  tem¬ 
perature  of  500  °C.  As  demonstrated  in  the  previous  section,  the 
high-temperature  firing  resulted  in  the  formation  of  an  A-site  Ba2+- 
enriched  BSCF.  Zhou  et  al.  have  demonstrated  that  at  small  degree 
of  cation  enrichment,  the  A-site  cation-enriched  BSCF  oxide  shows 
even  better  electrode  performance  than  the  cation  stoichiometric 
one  [44].  On  the  other  hand,  the  increase  of  firing  temperature  also 
resulted  in  the  decrease  of  effective  electrode  surface  area  due  to 
the  cathode  sintering.  As  a  whole,  no  clear  tendency  of  the  cathodic 
polarization  resistance  with  respect  to  the  firing  temperature  was 
observed. 


3.3.  Anode-supported  single  cell  fabrication  and  test 

To  evaluate  the  impact  of  the  interfacial  reaction  between  BSCF 
and  BCY  on  the  cathode  performance  of  BSCF  in  a  real  fuel  cell, 
or  single  cell  with  the  configuration  of  (anode)  BCY  +  NiO|thin- 
film  BCY|BSCF  (cathode)  were  constructed.  Preparation  of  dense 
electrolyte  membranes  on  porous  anodes  is  an  important  step 
in  the  fabrication  of  high-performance  SOFCs.  Dual-dry  press¬ 
ing  has  tested  to  be  a  simple,  reproducible  and  effective  process 
for  the  preparation  of  anode-supported  thin  electrolyte  dual¬ 
layer  cell  [46-48].  Several  authors  have  also  successfully  reported 
the  fabrication  of  supported  thin-film  protonic  electrolyte  by 
dual-dry  pressing  process  [18-20].  In  this  study,  the  BCY  +  NiO 
anode-supported  BCY  dual-layer  cells  were  also  prepared  by  this 
technique.  The  thickness  of  the  electrolyte  was  controlled  by  the 
amount  of  the  electrolyte  powder  applied  during  the  fabrication. 
The  electrolyte  layer  is  well  densified  and  shows  a  main  grain  size  of 
1-2  p>m  (Fig.  5A).  As  shown  in  Fig.  5B,  the  electrolyte  layer  adhered 
to  the  anode  surface  pretty  well,  which  ensures  a  low  contacting 


Fig.  5.  SEM  morphologies  of:  (A)  BCY  electrolyte  surface;  (B)  cross-section  of  the  1400  °C  calcined  NiO  +  BCY  supported  BCY  cell;  (C)  BSCF-BCY  interface  and  (D)  cross-section 
image  of  a  post-examined  single  cell  with  reduced  anode. 
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resistance  between  anode  and  electrolyte  layer.  The  corresponding 
SEM  images  of  the  BSCF/BCY  interface  is  shown  in  Fig.  5C,  as  we  can 
see  that  there  is  no  clear  third  layer  appeared  between  BSCF  and 
BCY  layers.  It  suggests  that  the  interface  phase  may  be  formed  in  a 
compositionally  graded  structure.  We  have  tried  the  compositional 
analysis  on  the  interface  area  by  EDX  method.  However,  due  to  the 
porous  structure  of  the  substrate  the  error  is  too  large  to  get  rea¬ 
sonable  results.  Definitively,  it  is  worthwhile  to  find  other  method 
in  our  future  work  to  clarify  this  issue.  Fig.  5D  shows  the  cross- 
section  image  of  a  post-examined  single  cell,  the  anode  is  highly 
porous  and  the  fuel  cell  anode  and  cathode  still  adheres  with  the 
electrolyte  layer  pretty  well. 

Although  a  firing  temperature  of  900  °C  has  testified  to  result 
in  the  lowest  degree  of  phase  reaction  between  BSCF  and  BCY,  as 
demonstrated  by  the  symmetric  cell  test,  the  connection  between 
cathode  particles  was  relatively  poor;  therefore  a  firing  temper¬ 
ature  of  950  °C  was  applied  for  the  single  cell  fabrication.  For 
comparison,  a  firing  temperature  of  1100  °C  was  also  conducted 
for  the  cathode  layer.  As  shown  in  Fig.  6  are  the  SEM  images  of  the 
cathodes  fired  at  950  and  1100  °C,  respectively,  the  cathode  fired  at 
1100  °C  is  much  more  sintered  than  that  fired  at  950  °C. 

Single  cells  with  anode  thickness  of  ~600[xm,  electrolyte  of 
~50  |jim  and  cathode  of  ~20  p,m  were  applied  for  the  l-V  polar¬ 
ization  test.  Fig.  7  shows  the  l-V  curves  of  the  single  cells  operated 
on  pure  hydrogen  as  the  anode  fuel  and  ambient  air  as  the  cathode 
oxidant.  The  linear  response  of  cell  voltage  with  respect  to  applied 
current,  even  at  high  current  density,  suggests  that  the  concentra¬ 
tion  polarization  did  not  occur  for  both  cells.  An  attractive  peak 
power  density  of  ~550mWcm-2  was  achieved  at  an  operation 
temperature  of  700  °C  for  the  cell  with  its  cathode  layer  fired  at 
950  °C.  It  represents  one  of  the  highest  power  densities  achieved 
for  SOFC  based  on  the  proton-conducting  oxide  electrolyte,  up  to 
now.  Even  at  an  operation  temperature  of 400  °C,  a  peak  power  den¬ 
sity  of  ~100  mW  cm-2  was  also  reached.  Furthermore,  a  high  OCV 
of  ~1.06  V  was  observed  at  400  °C,  suggesting  that  the  electrolyte 
is  sufficiently  dense  to  prevent  the  gas  leakage.  As  compared  to 
the  reduced-temperature  SOFC-O2-,  the  decrease  in  performance 
with  respect  to  the  reduction  of  temperature  is  much  slower  for 
the  current  proton-conducting  SOFC  [26].  It  implies  that  SOFC-H+ 
may  be  more  suitable  than  SOFC-O2-  for  low-temperature  opera¬ 
tion.  As  compared  to  the  cell  with  the  cathode  fired  from  950  °C, 
the  cell  with  1100  °C  fired  cathode  shows  much  worse  perfor¬ 
mance,  as  shown  in  Fig.  7B.  A  peak  power  density  of  only  ~225 
and  ~60  mW  cm-2  was  achieved  at  an  operation  temperature  of 
700  and  400  °C,  respectively,  which  is  only  about  one  half  that  of 
the  cell  with  the  cathode  fired  from  950  °C.  Since  this  fuel  cell  also 
demonstrates  high  OCVs,  the  difference  in  their  power  densities  is 
unlikely  due  to  gas  leakage. 

As  shown  in  Fig.  8  is  the  EIS  of  the  single  cells  under  OCV  condi¬ 
tion.  The  polarization  resistances  presented  here  are  a  sum  of  the 
cathode  and  anode  polarization  resistances.  Very  low  area-specific 
polarization  resistance  of  ~0.36  £2  cm2  was  observed  at  an  oper¬ 
ation  temperature  of  500  °C  for  the  cell  with  cathode  fired  from 
950  °C.  It  suggests  that  BSCF  cathode  performs  pretty  well  with  BCY 
electrolyte  when  the  cathode  was  fired  from  950  °C. 

Fig.  9  shows  the  total  cell  resistance  (fttotai)>  electrode  polariza¬ 
tion  resistance  (ftp),  cell  ohmic  resistance  (ft0hm)>  and  the  ratio  of 
ohmic  resistance  to  cell  resistance  obtained  from  the  impedance 
spectra  at  different  temperatures.  The  ohmic  resistance  of  the  cell 
is  still  overwhelming  at  500  °C.  A  reduction  of  the  electrolyte  thick¬ 
ness  could  then  result  in  the  increase  of  the  cell  performance 
significantly.  As  compared  to  the  ohmic  resistance,  the  polariza¬ 
tion  resistance  of  the  cell  increased  only  slightly  with  the  firing 
temperature.  For  example,  it  is  about  0.36  and  0.52  £2  cm2  at  500  °C, 
respectively,  for  the  cell  with  its  cathode  fired  at  950  and  1100  °C. 
To  ensure  a  reasonable  comparison  of  the  different  cathodes  via 
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Fig.  6.  SEM  morphologies  of  the  cathodes  surface  fired  at:  (A)  950  °C  and  (B)  1100  °C. 

the  single-cell  test,  the  microstructure  of  the  electrodes  and  the 
electrolyte  were  fabricated  as  identical  as  possible  for  different 
cells  by  strictly  optimizing  the  fabrication  technique,  therefore,  it 
is  reasonable  to  assume  the  difference  in  area-specific  polarization 
resistance  of  the  cells  was  mainly  contributed  from  the  variation 
in  cathode  activity.  Based  on  Fig.  6,  such  deterioration  might  be 
associated  with  the  reduction  of  effective  electrode  surface  area. 
However,  the  ohmic  resistance  of  the  cell  increased  more  signifi¬ 
cantly  from  ~0.77  to  ~1.39  £2  cm2. 

Fig.  10  shows  the  conductivities  of  the  electrolyte  layer  (includ¬ 
ing  the  interfacial  layer)  of  the  cells  with  its  cathode  fired  at  950 
and  1100  °C,  calculated  based  on  the  impedance  data  of  the  single 
cell  under  OCV  condition,  for  comparison,  the  conductivities  of  the 
symmetric  cells  measured  in  dry  air  and  with  the  electrode  layer 
fired  at  950  and  1100  °C,  are  also  presented.  For  the  asymmetric  cell, 
a  conductivity  of  ~0.0125, 0.0088,  and  0.0065  S  cm-1  was  achieved, 
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Fig.  7.  The  dependence  of  cell  voltages  and  power  densities  on  current  densities  of 
cell  with  950  °C  fired  BSCF  cathode  layer  (A),  and  1100  °C  fired  BSCF  layer  (B),  tested 
at  various  temperature  between  400  and  700  °C. 


respectively,  at  700,  600  and  500  °C  for  the  electrolyte  (including 
the  interfacial  layer)  with  the  cathode  layer  fired  at  950  °C,  while 
the  conductivities  decreased  almost  50%  for  the  electrolyte  with 
the  cathode  fired  at  1100  °C.  It  demonstrated  that  the  formation  of 
interfacial  phase  significantly  blocked  the  protonic  transportation 
from  the  electrolyte  layer  to  the  cathode  layer,  agreeing  well  with 
the  results  of  the  symmetric  cell  tests.  It  is  reported  that  the  protonic 
conductor  usually  shows  smaller  activation  energy  for  proton  con- 


Fig.  8.  EIS  of  the  anode-supported  fuel  cell  with  950  °C  calcined  BSCF  at  various 
temperatures  under  OCV  conditions. 


Fig.  9.  The  total  cell  resistances  (fltotai).  interfacial  polarization  resistances  (Rp),  elec¬ 
trolyte  resistances  (R0 hm)  and  the  ratio  of  electrolyte  resistance  to  total  resistance 
obtained  from  impedance  spectra  at  different  temperatures,  of  the  cell  with  950  °C 
fired  BSCF  cathode  layer. 


duction  under  hydrogen  atmosphere  than  under  air  atmosphere 
[45].  Therefore,  higher  proton  conductivity  in  air  than  in  hydrogen 
is  observed,  respectively,  at  high  temperature  and  low  tempera¬ 
ture  zone.  Higher  conductivity  of  the  electrolyte  in  the  symmetric 
cell  configuration  (air/air)  was  observed  at  >600  °C  than  that  in 
the  asymmetric  single  cell  configuration  (air/H2),  agreeing  with  the 
literature  results. 

The  only  available  data  about  BSCF  cathode  for  proton¬ 
conducting  electrolyte  fuel  cell  is  reported  by  Peng  et  al.  [18].  They 
applied  a  BSCF  +  BaCeo.gSmo.iC^.gs  (BCS)  composite  oxide  as  the 
cathode  for  a  proton-conducting  BCS  electrolyte  and  a  firing  tem¬ 
perature  of  ~1100°C  for  fixing  the  cathode  layer  to  the  electrolyte 
surface.  An  area-specific  polarization  resistance  of  ~2.25  £2  cm2 
was  observed  at  600  °C,  which  is  significantly  larger  than  our 
results.  The  electrode  polarization  resistance  started  to  overwhelm 
the  ohmic  resistance  at  a  temperature  of  650  °C  or  lower.  Their 
poor  performance  might  be  related  with  the  high  firing  tempera¬ 
ture  (1100  °C)  and  the  composite  cathode  applied.  In  the  composite 
cathode,  the  A-site  cation-deficient  BCS  was  formed  throughout  the 
electrode  layer,  which  could  cover  the  BSCF  surface  and  blocked  the 
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Fig.  10.  Electrolyte  (including  the  interfacial  layer)  conductivities  obtained  from  the 
impedance  data  based  on  asymmetric  single  cell  (H2/air)  with  (A)  950  °C  fired  BSCF, 
(B)  1100  °C  fired  BSCF,  and  from  symmetric  cell  in  air  with  (C)  950  °C  calcined  BSCF, 
(D)  1100  °C  fired  BSCF  cathode  layer. 
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oxygen  reduction  over  the  cathode  seriously.  In  our  study,  a  pure 
BSCF  was  applied  as  the  cathode  layer,  the  phase  reaction  occurred 
only  at  the  interface  between  BSCF  cathode  and  BCY  electrolyte. 
Therefore,  the  oxygen  reduction  properties  of  the  cathode  layer  are 
not  seriously  affected. 

4.  Conclusions 

The  ohmic  resistance  of  the  cells  (symmetric/asymmetric)  based 
on  BCY  electrolyte  and  BSCF  cathode  seriously  depends  on  the 
phase  reaction  between  them,  while  the  cathodic  polarization 
resistance  is  not  obviously  impacted.  The  phase  reaction  involves 
the  diffusion  of  Ba2+  from  BCY  electrolyte  to  the  cathode  and 
leads  to  the  formation  of  Ba2+-enriched  BSCF  and  Ba2+-deficient 
BCY  interfacial  phases,  which  have  the  same  phase  structure  and 
similar  lattice  parameters  to  that  of  the  reactants.  Such  impurity 
phases  have  small  influence  on  the  oxygen  reduction  kinetics  over 
the  cathode,  however,  they  input  a  significant  blocking  effect  on 
the  proton  transferring  from  electrolyte  to  the  electrode.  There¬ 
fore,  an  obvious  increase  of  ohmic  resistance  of  the  cell  was 
observed.  The  higher  the  firing  temperature,  the  larger  deviation 
of  A\B  ratio  for  the  perovskites  and  the  worse  the  cell  perfor¬ 
mance,  was  observed.  The  optimal  firing  temperature  is  ~950°C 
for  the  BSCF  cathode  layer.  Anode-supported  cell  with  electrolyte 
thickness  of  ~50p,m  was  successfully  fabricated  by  a  dual-dry 
pressing  process.  High  performance  of  >500mWcm-2  at  700  °C 
was  reached  for  an  anode-supported  cell  with  the  cathode  layer 
fired  from  950  °C,  nearly  twice  that  of  the  cell  with  cathode  fired 
from  1100  °C.  The  results  were  attractive  compared  to  the  literature 
results.  It  suggests  the  potential  application  of  BSCF  as  a  cathode  for 
SOFCs  based  on  proton-conducting  electrolytes.  In  order  to  further 
improve  the  cell  performance,  the  reduction  of  electrolyte  thick¬ 
ness  and  the  prevention  of  the  formation  of  Ba2+-deficient  BCY  at 
the  cathode-electrolyte  interface  is  then  of  great  importance,  it  will 
be  our  future  research  work  on  SOFC-FT.  On  the  other  hand,  com¬ 
posite  cathode  by  mixing  BSCF  with  electrolyte  material  may  be  not 
a  good  choice. 
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